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Summary 

An investigation was conducted of various jet exit 
vane configurations in the open test section of the 
Langley 4- by 7-Meter Tunnel to determine their ef- 
fectiveness in reducing flow pulsations. The devices 
consisted of rectangular or triangular vanes mounted 
on the periphery of the jet exit and protruding into 
the flow. The streamwise and vertical velocity fluctu- 
ations were measured at the centerline of the tunnel, 
39.5 ft (12.0 m) downstream of the jet exit, with hot- 
wire anemometers. This report describes the various 
vane configurations and their effect on the measured 
root- mean- square turbulence levels in the test section 
and presents time series analyses of the data for the 
baseline jet exit configuration (without vanes) and for 
the most effective vane configuration, which consisted 
of triangular vanes alternating into and out of the flow. 

Introduction 

Open-jet wind tunnels are particularly susceptible 
to a phenomenon known as flow pulsation, or surging. 
Flow pulsations are characterized by periodic oscilla- 
tions in velocity and pressure and occur only within cer- 
tain tunnel speed ranges. In some large open-jet wind 
tunnels, the flow pulsations may be so severe that they 
could threaten the structural integrity of the tunnel. In 
less severe cases, the flow pulsations degrade the flow 
quality and limit testing to the speed ranges at which 
they do not occur. 

The flow pulsations are self-excited and are created 
by the unstable shear layer which is formed at the 
jet exit when the jet is dumped into an open test 
chamber. The airstream in the open test section is 
typically directed back into the tunnel circuit by a 
collector. Vortex rings form in the unstable shear layer 
surrounding the free jet. When the vortices strike the 
collector, they cause a pressure fluctuation which travels 
upstream at essentially sonic velocity and causes the 
shear layer at the jet exit to deform and shed another 
vortex. When the vortices strike the collector with a 
steady beat frequency, they can build up resonances in 
various air columns throughout the tunnel circuit. 

References 1 through 4 describe devices, referred to 
as vanes, tabs, or teeth, that protrude into the airstream 
around the jet exit and effectively reduce the magni- 
tude of the flow pulsations. The exact mechanism by 
which the flow pulsations are reduced is not precisely 
known. Seiferth suggests in reference 2 that the devices 
cause intense mixing in the jet shear layer. This mixing 
spreads out the vortex rings such that they no longer 
strike the collector at the same time and, therefore, dis- 
turb the critical phasing that is required for resonances 
to develop. 


The jet exit vanes do present some problems. The 
vanes reduce the tunnel efficiency and disturb the ve- 
locity distribution of the potential core and the longitu- 
dinal static-pressure distribution in the test section. In 
addition, the thickness of the jet shear layer is increased 
by the mixing caused by the vanes and may adversely 
affect acoustic measurements. It has also been found 
that jet exit vanes are not always successful. Brodzki 
states in reference 4 that vanes of various sizes, shapes, 
and configurations were tried in a 16.4-ft (5.0-m) tun- 
nel with no significant improvement in flow pulsation 
dampening, and that in another case involving a 1.6-ft 
(0.5-m) tunnel, jet exit vanes were successful in reduc- 
ing the flow pulsations. In addition, he mentions exper- 
iments which also showed that in some instances, the 
jet exit vanes were only successful in dampening the 
flow pulsations when used along with other dampening 
techniques such as holes or slots in the tunnel circuit. 

When jet exit vanes are successful by themselves, 
they represent an inexpensive and quick way to dampen 
the flow pulsations. For general aerodynamic force and 
pressure measurements, the adverse effect of the vanes 
may be tolerated, especially if the vanes can provide 
greater speed range due to flow pulsation dampening. 

The 4- by 7-Meter Tunnel develops flow pulsations 
in the open test-section configuration. These pulsations 
have degraded the capability of the tunnel to support re- 
search in areas where nonperiodic, low- turbulence flow 
is crucial. An investigation was conducted to document 
the flow pulsation problem in the 4- by 7-Meter Tun- 
nel and to evaluate the effectiveness of jet exit vanes in 
reducing the flow pulsations. This paper presents ex- 
perimental results of various configurations of jet exit 
vanes and their effect on the flow pulsations. The data 
represent the most extensive data base available relat- 
ing to flow pulsations and consist of the instantaneous 
velocity fluctuations measured with hot-wire anemome- 
ters located 39.5 ft (12.0 m) downstream of the jet exit. 
The report includes data describing the vertical com- 
ponent of velocity fluctuations and, therefore, provides 
valuable information on flow angularity, which has a 
major influence on angle-of-attack variations in wind- 
tunnel testing. 

Symbols and Abbreviations 

Values are given in U.S. Customary Units, often 
with equivalent values in the International System of 
Units (SI) given in parentheses for the convenience of 
readers. Measurements and calculations were made in 
U.S. Customary Units. 

E mean hot-wire voltage 

e fluctuating hot-wire voltage 



G uu , G ww autopower spectral density function 
of streamwise velocity fluctuations 
and vertical velocity fluctuations, 
respectively, Hz -1 


PSD 

q 

RuU) Rwb 


RMS 

S u 

S a 

STA. 

T 

t 


w 


a 


autopower spectral density 

test-section dynamic pressure, 
lb/ft 2 (Pa) 

normalized autocorrelation function, 

T-»i/rf T *(*)x(t+r)«« 

— - °, T - , where x = u 

/„ *(*) »(*) dt 

for R uu and x = w for R ww 

root-mean-square 

hot-wire sensitivity to velocity 

hot-wire sensitivity to a 

station 

observation time or period of data, sec 
time, sec 

axial or streamwise velocity component, 
ft /sec (m/sec) 

vertical velocity component, 
ft/sec (m/sec) 

angle of attack of hot-wire probe, rad 


a \/ t^oo^/T fo x {t) x ( t ) dt, where x = u 

or w 

r time delay, msec 

ip inclination angle of hot wire from free- 

stream velocity, rad 

Subscripts: 

b baseline configuration 

1,2 wire 1 or 2 of x-wire probe 

oo free stream 

Superscripts: 

~ root-mean-square value of fluctuating 

component 


/ instantaneous fluctuating or perturba- 

tion component 


Tunnel Description 

The Langley 4- by 7-Meter Tunnel (see fig. 1) is a 
closed-circuit, single-return, atmospheric wind tunnel. 
Figure 2 is a sketch showing the general arrangement 
of the tunnel. The test section is 14.5 ft (4.42 m) 
high, 21.75 ft (6.63 m) wide and 50.0 ft (15.2 m) long. 


The tunnel provides maximum test-section velocities 
ranging from 225 ft/sec (68.6 m/sec) in the open test 
section to 325 ft/sec (99.1 m/sec) in the closed test 
section. 

The open test-section configuration used for these 
tests is open on only three sides. The walls and ceiling 
are raised to the top of the test chamber, but the floor 
remains in place. Figure 3 is a photograph of the 
open test-section configuration. The view is looking 
downstream from the jet exit toward the collector, 
which directs the free jet back into the first diffuser. 
The collector is constructed of 0.25-in-thick (0.64-cm) 
steel plate rolled to form a circular arc with a radius of 
10 ft (3.0 m). 


Instrumentation and Data Reduction 

Constant-temperature hot-wire anemometers were 
used to measure the fluctuating velocity components in 
the streamwise ( u ') and vertical (w 1 ) directions. The 
data were obtained by using a commercially available 
x-wire probe and a single normal-wire probe located 
on the horizontal and vertical tunnel centerline 39.5 ft 
(12.0 m) downstream of the jet exit. The probe used 
0.00015-in-diameter (4-/^m) platinum-coated tungsten 
wire with a typical sensor length of 0.050 in. (1.27 mm). 
The data from the normal-wire probe were used during 
the test to provide an on-line evaluation of the RMS 
of the u-component velocity fluctuations (u/u oo). The 
data from the x-wire probe were used during posttest 
data reduction to compute u'/uoo and w'/u^ and their 
respective RMS levels and autopower spectral density 
and autocorrelation functions. 

An x-wire probe consists of two wires inclined ±45° 
to the probe axis. The mean voltage from an inclined 
wire is a function of the flow velocity and the inclination 
angle ip of the wire. This relationship may be written 
as 

dE dE 

dE -h du+ ^p d ^ w 

After some algebraic manipulation, equation (1) may 
be rewritten as 


dE d In E du din E 
E 5 In u u + dip 


( 2 ) 


The differentials dE and du may be replaced by the 
perturbations e and it', respectively, to yield 


e din E u' d In E 
E d In 1 1 u + dip 


(3) 


If you make the assumption of small perturbations, for 
example, u^> u' and u w', then 


dip = tan 1 


u + u' 


w w 

u + u' u 
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Equation (3) may then be rewritten as 

e 9 In E u' 3 In E w' 

E 3 In u u + dip u 


( 4 ) 


Let 


S u = 


3 In E 
3 In u 


and 


S a = 


3 In E 
dtp 


then the output of the inclined wire may be written as 


e 

E 



+ Sa- 
il 


( 5 ) 


The S u sensitivity constants were determined from 
linear least-squares curve fits of In E versus In Uoo 
with the hot-wire probe set at 0° with respect to the 
free-stream velocity. The S a sensitivity constants were 
determined from linear least-squares curve fits of In E 
versus a over a range of ±8°. 

The z-wire probe with its two wires therefore pro- 
vided two linear equations for u'/ u oo and w' /u 0 Q 




u w 

H *a,l 

^OO ^oo 

ti' tv' 

r Oa , 2 

u oo u oo 


( 6 ) 


The fluctuating output voltage of each wire was band- 
pass filtered between 1 Hz and 10 kHz and recorded 
on FM magnetic tape. The voltage data were digitized 
and the fluctuating velocity components computed by 
solving equations (6) simultaneously for each digitized 
point. The RMS velocity fluctuations were also com- 
puted for each velocity component. The autopower 
spectral density (PSD) and autocorrelation functions 
were computed for each fluctuating velocity component 
by using the Acoustic Analysis Program described in 
reference 5. 


Jet Exit Configurations 

Six different jet exit configurations were investi- 
gated. These configurations can be divided into two 
broad categories, depending on whether a rectangular 
or triangular vane geometry was used. Figures 4 and 5 
show typical installations of the rectangular and tri- 
angular vanes, respectively, on the jet exit. Figures 6 
and 7 are sketches of the vane geometries. The vanes 
were mounted on steel rails that stood 4.0 in. (10 cm) 
off the inside of the jet exit on sections of steel channels 
or I beams. The rectangular and triangular vanes were 
cut from 0.25-in-thick (0.64-cm) aluminum plate. The 
size of the rectangular vanes was determined by pro- 
portionally increasing the dimensions provided by Eck- 
elmann in reference 6 for a similar vane that was tested 


in the 9.8-ft (3.0-m) wind tunnel of the Aerodynamics 
Research Institute in Gottingen. The rectangular vanes 
had a span of 12.0 in. (30.5 cm) and were bent to form a 
25° or 40° flap, with chords of 3.20 and 4.20 in. (8.1 and 
10.7 cm), respectively. The size of the triangular vanes 
was determined by proportionally increasing the dimen- 
sions of a set of triangular vanes that were successful in 
dampening the pulsations in a 1 /24-scale model of the 
4-by 7-Meter Tunnel. The triangular vanes had a span 
of 23.75 in. (60.32 cm) and were bent to form a 45° flap 
with a chord of 5.70 in. (14.5 cm). 

The jet exit configuration was varied by reversing 
the position of the rectangular vanes (i.e., 40° vanes 
pointing into the flow and 25° vanes pointing out), by 
alternating the triangular vanes into and out of the flow, 
or by selectively removing certain vanes. Figure 8 shows 
sketches of the various jet exit vane configurations. 
Table I provides a short description of the vane type 
and arrangement for each configuration. 

Presentation of Results 

Dynamic-flow quality may be presented in a vari- 
ety of ways, depending on the information that is of 
interest. For example, the overall RMS levels, spectral 
content, and peak-to-peak values of the velocity fluctu- 
ations are useful for determining the structural loading 
of the tunnel caused by the flow pulsations. In another 
example, the autopower spectral density (PSD) and 
autocorrelation functions are useful for investigating 
the physics of the pulsation phenomenon or modeling 
turbulence. 

The data are presented in several formats to make 
it valuable to a wide variety of potential users. The for- 
mats include the overall RMS levels, time history plots, 
and PSD and autocorrelation functions. The RMS lev- 
els of the velocity fluctuations are approximately 1 per- 
cent. The time history plots of the velocity fluctua- 
tions provide insight into the periodic nature of the flow 
and aid in the determination of the peak-to-peak levels. 
Each time history plot represents a typical 5-sec time 
slice of the data. 

The PSD function provides critical information re- 
lating to the frequency content of the velocity fluctu- 
ations. This information is needed for an analysis of 
the pulsation phenomenon, since it identifies the dis- 
crete or “resonant frequencies” in the flow pulsation. 
The PSD was computed by using standard fast Fourier 
transform (FFT) techniques. A Hanning window was 
applied to the data to compensate for the finite record 
lengths involved with the FFT. The data were digitized 
at a rate of 200 samples per second and transformed by 
using a 2048-sample block size, which provided a spec- 
tral resolution of approximately 0.09 Hz. Ten ensemble 
averages were typically obtained at each tunnel speed. 
Anti-aliasing filters were set at 50 Hz. A description of 
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the various time series analysis techniques and window- 
ing functions is given in reference 5. 

The autocorrelation is the Fourier transform of the 
PSD and is a function of the time delay (r) between 
samples. It typically is used to describe the dependence 
of data values on data at a different time. The auto- 
correlation was normalized by the mean-square value of 
the data as determined by the value of the function at 
t = 0. The normalizing value is shown for each plot as 
<t, which is the root of the mean-square value. The auto- 
correlation function was computed by using the boxcar 
window function. 

Discussion of Results 

Baseline Tunnel Configuration 

The flow pulsations in the open test section of the 4- 
by 7-Meter Tunnel cause the RMS levels of the velocity 
fluctuations to reach extremely high values in three 
distinct speed ranges as shown in figure 9. The three 
“resonant” regions are centered about q = 8, 18, and 
48 lb/ft 2 (0.38, 0.87, and 2.28 kPa) will be referred to as 
modes 1, 2, and 3, respectively. The streamwise RMS 
velocity fluctuations reach values of about 8 percent 
at modes 1 and 2 and 4.5 percent at mode 3. The 
vertical RMS velocity fluctuations are roughly half the 
RMS levels of the streamwise fluctuations in each mode. 
At speeds outside of the modes, the RMS levels of the 
velocity fluctuations are approximately 1 percent. 

The dynamic-flow quality is shown in figures 10 
through 12 at the velocity corresponding to the peak 
RMS level for each mode. The flow is characterized 
at each of the modes by an almost purely sinusoidal 
variation in velocity. At mode 1, the flow pulsates at a 
frequency of 1.26 Hz and at the first harmonic (2.52 Hz), 
as shown in figure 10(c). The autocorrelation functions 
presented in figures 10(d) and 10(f) show that the 
periodic portion of the velocity fluctuations accounts for 
about 98 percent of the total mean-square value of the 
streamwise velocity fluctuations and 90 percent of the 
vertical velocity fluctuations. Figures 11(c) and 11(e) 
show that at mode 2, the flow pulsates at a frequency of 
2.22 Hz and at the first harmonic (4.4 Hz). The periodic 
portion of the velocity fluctuations again represents 
more than 90 percent of the total mean-square value 
of the velocity fluctuations. 

The PSD functions presented in figure 12 show that 
at tunnel velocities near mode 3, the spectra of the ve- 
locity fluctuations are more complex. The flow pulsa- 
tions have dominant resonant frequencies at 3.83 Hz 
and the first harmonic (7.66 Hz). There are additional 
discrete frequencies at 1.26, 2.22, and 3.09 Hz in the 
streamwise velocity fluctuations, which are not signif- 
icantly above the background level of the vertical ve- 
locity fluctuations. The periodic portion of the velocity 


fluctuations near mode 3 accounts for 90 and 80 percent 
of the total mean-square values for the streamwise and 
vertical fluctuations, respectively. 

The flow still has periodic fluctuations at test- 
section velocities outside of the three modes. (See 
figs. 13 and 14.) The PSD functions presented in fig- 
ures 14(c) and 14(e) show that there are discrete fre- 
quencies present, but no one frequency appears to domi- 
nate. The autocorrelation functions show that the influ- 
ence of the periodic portion of the velocity fluctuations 
has dropped to about 15 percent of the total mean- 
square value of the velocity fluctuations. Appendix A 
shows the time histories and PSD and autocorrelation 
functions of the velocity fluctuations corresponding to 
the baseline RMS data points shown in figure 9. 

Effect of Jet Exit Vanes 

The effect of the various jet exit vane configurations 
in reducing the flow pulsations is shown in figures 15 
to 20. The effectiveness of the vanes is shown by com- 
paring the RMS velocity fluctuations of each configu- 
ration with those of the baseline configuration. (See 
fig. 9.) The RMS level of the streamwise velocity fluctu- 
ations in the baseline configuration is shown as a dashed 
line in figures 15 to 20 to aid in the comparison. 

The RMS velocity fluctuations for configurations 1 
and 2 are shown in figures 15 and 16, respectively. 
These vanes were only partially successful in reducing 
the flow pulsations. Both configurations were able to 
eliminate mode 3 at q = 48 lb/ft 2 (2.28 kPa). They 
also produced about a 20-percent reduction in the RMS 
levels in modes 1 and 2 and reduced the width of each 
mode. Both configurations produced a slight reduction 
in the RMS levels at q values outside of the modes. 

Triangular vane configuration 3 had very little effect 
on the flow pulsations, as shown in figure 17. There are 
still three modes or regions with high levels of RMS 
velocity fluctuations, and the modes have been shifted 
to lower tunnel speeds. The RMS levels in mode 3 
have been reduced about 50 percent, but the levels in 
modes 1 and 2 show a slight increase. 

Triangular vane configuration 4 had essentially the 
same geometry as configuration 3 except that every 
other vane was removed. As shown in figure 18, config- 
uration 4 provided almost the same pulsation dampen- 
ing as the rectangular vane configurations 1 and 2. It 
is interesting to note that the results for vane config- 
urations 3 and 4 contradict an observation made by 
Brodzki in reference 4, in which he states that the 
greater the number of vanes, the better the dampen- 
ing of the pulsations. It may be that with too close a 
vane spacing and with all the vanes pointed into the 
flow (as in configuration 3), a cancellation of the vortic- 
ity shed by adjacent vanes may occur and thus reduce 
the effectiveness. 
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Configurations 5 and 6 provided the greatest damp- 
ening of the flow pulsations, as shown in figures 19 
and 20. In each of these configurations, the trian- 
gular vanes were pointing alternately into and out of 
the flow. Both configurations completely eliminated 
modes 2 and 3. The remaining portion of mode 1 is 
now centered about q — 5.0 lb/ft 2 (0.24 kPa). Config- 
urations 5 and 6 support Brodzki’s observation, since 
removing half the vanes did cause a slight increase in 
the RMS levels in mode 1. 

Of all the configurations that were investigated, vane 
configuration 6 was judged to be the best. Configura- 
tions 5 and 6 provided about the same reduction in the 
RMS velocity fluctuations. Vane configuration 6, how- 
ever, generated about 2 dB less acoustic noise in the 6- 
to 16-kHz frequency range. The dynamic-flow quality 
has improved greatly with vane configuration 6 when 
compared with the baseline. Figures 21 and 22 show 
that the periodic portion of the velocity fluctuations 
has been dramatically reduced at tunnel speeds corre- 
sponding to modes 2 and 3 in the baseline configuration. 
(See figs. 11 and 12 for comparison.) 

In that part of mode 1 that remains in figures 19 
and 20, the flow pulsates at frequencies of 1.2 and 2.3 Hz, 
and the periodic portion of the velocity fluctuations still 
accounts for about 90 percent of the total mean-square 
value of the velocity fluctuations. The data indicate 
that the jet exit vanes do not completely eliminate the 
pulsations. Appendix B shows the time histories and 
PSD and autocorrelation functions corresponding to the 
RMS data for configuration 6 in figure 20. 

Even though the flow quality has been improved 
with vane configuration 6, some periodicity in the veloc- 
ity fluctuations still remains throughout the entire tun- 
nel speed range. This may hamper certain tunnel tests, 
and the data provided in appendix B should be useful 
in determining whether the remaining turbulence is ac- 


ceptable. A second form of pulsation dampening such 
as venting the tunnel circuit or redesigning the collec- 
tor (refs. 1 and 4) may be required to eliminate the 
remaining high RMS velocity fluctuations in mode 1. 

Concluding Remarks 

The Langley 4- by 7-Meter Tunnel develops flow pul- 
sations in the open test-section configuration. The root- 
mean-square levels of the velocity fluctuations reach 
extremely high values in three distinct tunnel speed 
ranges. These three speed ranges are centered about 
test-section dynamic pressures of 8, 18, and 48 lb/ft 2 
(0.38, 0.87, and 2.28 kPa). The flow in the three res- 
onant regions, or modes, is characterized by an almost 
purely sinusoidal variation in velocity. The pulsation 
frequencies range from 1.3 to 7.7 Hz. The periodic 
portion of the velocity fluctuations accounts for about 
90 percent of the total mean-square value of the velocity 
fluctuations. 

Six different configurations of jet exit vanes were 
tested to determine their effectiveness in reducing the 
flow pulsations. Rectangular and triangular vane plan- 
forms were investigated. A configuration consisting of 
triangular vanes alternating into and out of the flow 
was shown to be the most successful in reducing the 
flow pulsations, in that the two high-speed modes were 
eliminated, and the magnitude and speed range of the 
first mode were reduced. At the two high-speed modes, 
the periodic portion of the velocity fluctuations was dra- 
matically reduced. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
October 29, 1984 
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TABLE I. JET EXIT CONFIGURATIONS 


Configuration 

Description 

Baseline 

Jet exit clear (no vanes) 

1 

Rectangular vanes, alternating 25° into the flow and 40° out of the flow 

2 

Rectangular vanes, alternating 40° into the flow and 25° out of the flow 

3 

Triangular vanes, 45° into the flow 

4 

Triangular vanes, 45° into the flow, every other vane removed 

5 

Triangular vanes, 45° alternating into and out of the flow 

6 

Triangular vanes, 45° alternating into and out of the flow, every other vane removed 




Figure 1. Exterior view of Langley 4- by 7-Meter Tunnel. 
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Figure 2. General arrangement of Langley 4- by 7-Meter Tunnel. All dimensions are in feet. 

















(b) Close-up view. 
Figure 4. Concluded. 



















(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure 10. Dynamic-flow quality for baseline configuration at q = 8.03 lb/ ft 2 (mode 1). 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0763. 

Figure 10. Continued. 
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(e) PSD of vertical velocity fluctuations. 



0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

Time delay, msec 


(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0345. 

Figure 10. Concluded. 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0433. 

Figure 11. Concluded. 
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(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0252. 

Figure 12. Concluded. 
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Time, sec 

(a) Time history of streamwise velocity fluctuations. 



(b) Time history of vertical velocity fluctuations. 
Figure 13. Dynamic-flow quality for baseline configuration at q = 12.1 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0127. 

Figure 13. Continued. 
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(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, c — 0.0098. 

Figure 13. Concluded. 
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(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0100. 

Figure 14. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure 22. Dynamic flow quality for configuration 6 at q = 47.46 lb/ft 2 (mode 3) 







Appendix A 

Dynamic-Flow Quality for Baseline Jet Exit Configuration 

Appendix A presents the dynamic-flow-quality data for the baseline jet exit configuration. It 
includes the time histories and autopower spectral density (PSD) and autocorrelation functions 
of the velocity fluctuations corresponding to the RMS data points shown in figure 9. The time 
history plots show a typical 5-sec time slice for the streamwise ( u ') and vertical ( w ') velocity 
fluctuations. The data are presented in the following order: 


Figure 


q, lb/ft 2 


A1 
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A10 

All 

A12 
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A18 

A19 

A20 

A21 
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A23 
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A25 

A26 


2.03 
3.05 

4.07 
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8.03 
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10.51 

11.07 
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16.05 
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20.12 
22.16 
25.31 
32.21 

40.23 
42.49 

45.09 
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50.29 

55.26 
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(a) Time history of streamwise velocity fluctuations. 



(b) Time history of vertical velocity fluctuations. 

Figure Al. Dynamic-flow quality for baseline configuration at q = 2.03 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a — 0.0343. 

Figure Al. Continued. 
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(e) PSD of vertical velocity fluctuations. 



Figure Al. Concluded. 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0377. 

Figure A2. Continued. 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure A3. Dynamic- flow quality for baseline configuration at q = 4.07 lb/ft 2 . 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure A4. Dynamic-flow quality for baseline configuration at q = 7.12 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0737. 

Figure A4. Continued. 





(a) Time history of streamwise velocity fluctuations. 



Time, sec 


(b) Time history of vertical velocity fluctuations. 

Figure A5. Dynamic-flow quality for baseline configuration at q — 8.03 lb/ft 2 . 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a — 0.0345. 

Figure A5. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 



(b) Time history of vertical velocity fluctuations. 

Figure A6. Dynamic-flow quality for baseline configuration at q = 9.60 lb/ft 2 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0272. 

Figure A6. Concluded. 





(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0470. 

Figure A7. Continued. 













(e) PSD of vertical velocity fluctuations. 



Figure A8. Concluded. 
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(e) PSD of vertical velocity fluctuations. 



Figure A9. Concluded. 




(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure A10. Dynamic-flow quality for baseline configuration at q = 13.23 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0210. 

Figure A10. Continued. 




(a) Time history of streamwise velocity fluctuations. 



Time, sec 


(b) Time history of vertical velocity fluctuations. 

Figure All. Dynamic-flow quality for baseline configuration at q — 14.02 lb/ft 2 . 
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(e) PSD of vertical velocity fluctuations. 



Figure All. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure A14. Dynamic-flow quality for baseline configuration at q — 16.16 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0789. 

Figure A15. Continued. 
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(e) PSD of vertical velocity fluctuations. 



0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

Time delay, msec 


(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0433. 

Figure A15. Concluded. 
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(b) Time history of vertical velocity fluctuations. 

Figure A16. Dynamic-flow quality for baseline configuration at q = 20.12 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0551. 

Figure A17. Continued. 
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(c) PSD of streamwise velocity fluctuations. 



Figure A18. Continued. 
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(c) PSD of vertical velocity fluctuations. 



Figure A20. Continued. 
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(e) PSD of vertical velocity fluctuations. 



Figure A20. Concluded. 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a — 0.0284. 


Figure A21. Continued. 


to - 2 



(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, o = 0D185. 


Figure A21. Concluded. 
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(e) PSD of vertical velocity fluctuations. 



0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

Time delay, msec 


(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0245. 

Figure A22. Concluded. 
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Figure A23. 



(a) Time history of streamwise velocity fluctuations. 



(b) Time history of vertical velocity fluctuations. 

Dynamic-flow quality for baseline configuration at q = 47.58 lb/ft 2 . 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0252. 


Figure A23. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 



Time, sec 


(b) Time history of vertical velocity fluctuations, 
figure A24. Dynamic-flow quality for Win. configuration a. , = 50-29 lb/ft’. 
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(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0169. 

Figure A25. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 



(b) Time history of vertical velocity fluctuations. 

Figure A26. Dynamic- flow quality for baseline configuration at q = 59.10 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0181. 


Figure A26. Continued. 
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(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, a — 0.0128. 

Figure A26. Concluded. 



Appendix B 


Dynamic-Flow Quality for Jet Exit Configuration 6 

Appendix B presents the dynamic-flow-quality data for jet exit configuration 6. It includes 
the time histories and autopower spectral density (PSD) and autocorrelation functions of the 
velocity fluctuations corresponding to the RMS data points shown in figure 20. The time history 
plots show a typical 5-sec time slice of the streamwise (u') and vertical (w 1 ) velocity fluctuations. 
The data are presented in the following order: 


Figure 


q, lb/ft 2 


B1 

B2 

B3 

B4 

B5 
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B7 
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BIO 

Bll 

B12 
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B16 

B17 

B18 

B19 

B20 

B21 

B22 

B23 

B24 

B25 

B26 

B27 

B28 

B29 

B30 


1.93 

2.94 
4.07 

4.53 

5.09 

5.54 
5.99 
6.56 
7.12 
8.03 
9.05 

10.06 

11.19 

13.11 

13.90 

15.03 

16.05 

16.98 
18.08 
20.00 
22.49 

25.09 

32.10 
40.01 
42.60 

44.98 
47.46 
50.17 
54.81 
59.55 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0120. 

Figure Bl. Continued. 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0075. 


Figure Bl. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure B3. Dynamic-flow quality for configuration 6 at q = 4.07 lb/ft 2 . 



(d) Normalized autoci 









(b) Time history of vertical velocity fluctuations. 

Figure B4. Dynamic-flow quality for configuration 6 at q = 4.53 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



Figure B4. Continued. 
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Frequency, Hz 

(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0281. 

Figure B4. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure B5. Dynamic-flow quality for configuration 6 at q — 5.09 lb/ft 2 . 
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Frequency, Hz 

(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0629. 

Figure B5. Continued. 
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Frequency, Hz 


(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0284. 


Figure B5. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure B6. Dynamic-flow quality for configuration 6 at q = 5.54 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, cr = 0.0519. 

Figure B6. Continued. 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0300. 

Figure B7. Continued. 
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(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, cr — 0.0139. 

Figure B7. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 
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(b) Time history of vertical velocity fluctuations. 

Figure B8. Dynamic-flow quality for configuration 6 at q = 6.56 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



Figure B9. Continued. 
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Frequency, Hz 

(e) PSD of vertical velocity fluctuations. 



Figure B9. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 



Figure BIO. Dynamic-flow quality for configuration 6 at q = 8.03 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0132. 

Figure B10. Continued. 
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(e) PSD of vertical velocity fluctuations. 



Figure BIO. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 



Time, sec 

(b) Time history of vertical velocity fluctuations. 

Figure Bll. Dynamic-flow quality for configuration 6 at q = 9.05 lb/ft 2 . 
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Figure B13. Dynamic-flow quality for configuration 6 at q — 11.19 lb/ft 2 . 
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(a) Time history of streamwise velocity fluctuations. 



Figure B14. Dynamic-flow quality for configuration 6 at q = 13.11 lb/ft 2 . 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0130. 

Figure B15. Continued. 
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Figure B16. Dynamic-flow quality for configuration 6 at q = 15.03 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



Figure B16. Continued. 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0092. 

Figure B16. Concluded. 
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(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0143. 

Figure B17. Continued. 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations. <j = 0.0096. 

Figure B17. Concluded. 



(a) Time history of streamwise velocity fluctuations. 



(b) Time history of vertical velocity fluctuations. 

Figure B18. Dynamic-flow quality for configuration 6 at q = 16.98 lb/ft 2 . 


175 


Frequency, Hz 


(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, cr = 0.0129. 

Figure B18. Continued. 




Frequency, Hz 


(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0088. 

Figure B18. Concluded. 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a — 0.0140. 

Figure B19. Continued. 
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(b) Time history of vertical velocity fluctuations. 

Figure B20. Dynamic-flow quality for configuration 6 at q — 20.00 lb/ft 2 . 
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(b) Time history of vertical velocity fluctuations. 

Figure B21. Dynamic-flow quality for configuration 6 at q = 22.49 lb/ft 2 . 
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(c) PSD of streamwise velocity fluctuations. 



Figure B21. Continued. 
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Time, sec 

(b) Time history of vertical velocity fluctuations. 

Figure B22. Dynamic-flow quality for configuration 6 at q = 25.09 lb/ft 2 . 
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(e) PSD of vertical velocity fluctuations. 



Figure B22. Concluded. 
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(a) Time history of streamwise velocity fluctuations. 



190 


(b) Time history of vertical velocity fluctuations. 

Figure B23. Dynamic-flow quality for configuration 6 at q = 32.10 lb/ft 2 . 
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(e) PSD of vertical velocity fluctuations. 
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(f) Normalized autocorrelation of vertical velocity fluctuations, a — 0.0095. 

Figure B23. Concluded. 
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Time, sec 

(a) Time history of streamwise velocity fluctuations. 



(b) Time history of vertical velocity fluctuations. 

Figure B24. Dynamic-flow quality for configuration 6 at q = 40.01 lb/ft 2 . 
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Frequency, Hz 

(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a = 0.0126. 

Figure B24. Continued. 
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(e) PSD of vertical velocity fluctuations. 



(f) Normalized autocorrelation of vertical velocity fluctuations, c r = 0.0092. 


Figure B24. Concluded. 
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(c) PSD of streamwise velocity fluctuations. 



Figure B25. Continued. 
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(e) PSD of vertical velocity fluctuations. 



Figure B25. Concluded. 








(c) PSD of streamwise velocity fluctuations. 
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(d) Normalized autocorrelation of streamwise velocity fluctuations, c = 0.0127. 

Figure B26. Continued. 
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(c) PSD of streamwise velocity fluctuations. 



Figure B27. Continued. 
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(e) PSD of vertical velocity fluctuations. 



Time delay, msec 

(f) Normalized autocorrelation of vertical velocity fluctuations, a = 0.0096. 
Figure B29. Concluded. 
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(c) PSD of streamwise velocity fluctuations. 



(d) Normalized autocorrelation of streamwise velocity fluctuations, a — 0.0123. 

Figure B30. Continued. 
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